ABSTRACT: Electrical logs of various types have been used for decades in a wide variety of geoscience applications. Except for studies within a few meters of the land surface, these logs have been obtained using existing wells or boreholes. Recently, electrical conductivity (EC) sensors have been incorporated into direct-push equipment to obtain sedimentologic information in unconsolidated deposits without the need for existing wells and at a resolution (0.02 m) that has not been possible using conventional logging tools. The high resolution of this information, coupled with the speed at which it can be obtained, makes direct-push EC logging a valuable new tool for a wide variety of hydrostratigraphic studies. We document the utility of this approach in a detailed stratigraphic evaluation of a floodplain margin in a major river valley in the United States. Throughout the central United States, unconsolidated sequences underlying floodplains are typically composed of fining-upward glaciofluvial or Holocene sediments in which silt and clay overbank deposits cap coarser materials that serve as regionally significant aquifers. EC transects at a field site on the Kansas River floodplain show that this fine-grained cap may be truncated by, or interfingered with, coarser sediments at the floodplain margin. This increased stratigraphic complexity suggests that the depositional settings assumed for the more central portions of the floodplain may not be appropriate in the margin areas. The replacement of fine-grained sediments with coarser-grained materials at the margin of the floodplain has significant implications for groundwater recharge and solute movement. Interpretations made using the EC transects are consistent with results from an electromagnetic survey, as well as head and chemistry data. This work shows that direct-push EC logging can provide information about site stratigraphy at a level of detail that would be difficult to obtain with conventional approaches. This unprecedented level of detail enables important insights to be obtained regarding stratigraphic controls on groundwater flow and solute transport.
INTRODUCTION
Field and modeling studies in a wide variety of geologic settings have shown the importance of detailed descriptions of aquifer heterogeneity for applications ranging from the prediction of contaminant transport (e.g., Sudicky and Huyakorn, 1991) to the design of effective remediation schemes (e.g., National Research Council, 1994; Hyndman et al., 2000; Bilbrey and Shafer, 2001) to the assessment of stream-aquifer interactions (e.g., Butler et al., 2001 ). These studies have demonstrated clearly that finescale hydrostratigraphic features can significantly influence the movement of groundwater and accompanying solutes in many situations. However, few approaches for subsurface characterization can provide information about site hydrostratigraphy at the level of detail that such studies have found is needed. Currently, most hydrostratigraphic information is obtained through the collection of drill cuttings and continuous cores, and use of wellbore or surface geophysics. Time and cost limitations, however, often restrict the number of cores or wells to a spacing that is inadequate for investigations in heterogeneous systems. In addition, the sampling volume of geophysical methods is commonly too large to resolve small-scale features. Thus, new approaches are needed if such details are to be incorporated in hydrogeologic investigations on a routine basis. In this paper, we discuss one such approach and demonstrate the relevance of the information that it can provide.
Over the last two decades, a variety of direct-push-based methods have been developed for use in investigations at sites of groundwater contamination. These approaches overcome many limitations of traditional field methods and show considerable potential for detailed subsurface characterization in unconsolidated formations (e.g., Tillman and Leonard, 1993) . Direct-push electrical conductivity (EC) logging, which was developed in the mid-1990s (Christy et al., 1994) , holds particular promise in this regard. Recent work has demonstrated the utility of direct-push EC logging for investigations of ground-water contamination (e.g., McCall, 1996; Beck et al., 2000; McCall and Zimmerman, 2000; Einarson et al., 2000; U.S. Environmental Protection Agency, 2000) and saline-freshwater interfaces (Johnson et al., 1999; Fenstemaker et al., 2001) . Schulmeister et al. (2003a) assessed the quality and resolution of information obtained from direct-push EC logging, and demonstrated the potential of the approach for hydrostratigraphic studies. That potential is explored in detail in this paper.
The utility of direct-push EC logging for hydrostratigraphic studies is demonstrated here in an investigation of stratigraphic relationships in alluvial sediments that lie beneath the floodplain of a major river valley. Although floodplain margins have not received a great deal of attention in the hydrologic literature, the sedimentary framework in these areas may play an important role in determining the groundwater quality of the aquifer underlying the floodplain (henceforth, floodplain aquifer). Throughout the central portions of the United States, unconsolidated glaciofluvial and fluvial sequences typically display a finingupward character as a result of Pleistocene and Holocene changes in climate or base level (e.g., Sharp, 1988; Larkin and Sharp, 1992) . The uppermost sediments in these sequences are typically composed of clay and silt overbank deposits that serve as an important barrier to the transport of contaminants to the underlying aquifer. However, at the margins of the floodplains, this lowpermeability cap does not always exist. Instead, it may be replaced by coarse-grained or poorly sorted materials, such as mass-movement deposits and alluvial fans, thus creating recharge areas for the aquifer. In several studies, the groundwater chemistry near the margins of floodplains bounded by terraces has been shown to differ from that in the interior of the floodplains (Haycock and Burt, 1993; Lucey et al., 1995) , further suggesting that the valley margins may be important recharge areas. In this paper, direct-push EC logging is used to investigate the stratigraphy in the floodplain to floodplain-margin setting to assess the potential for significant recharge in the margin areas.
BACKGROUND

Electrical Conductivity in Unconsolidated Sediments
The electrical conductivity of sedimentary material is a function of the moisture content of the material and the conducting properties of its pore fluid and matrix (Schon, 1996) . In the saturated zone, where variations in moisture content are relatively small, fluid and matrix properties are the dominant controls on electrical conductivity. When variations in groundwater chemistry are small, differences in sediment size and type are the major factors affecting electrical conductivity (Keys, 1989) . Siltand sand-size particles of covalently bonded minerals, such as quartz, mica, and feldspar, are relatively nonconductive. For this reason, electrical conductivity in coarse-grained aquifers primarily reflects the concentration of dissolved constituents. Clay-size particles, such as phyllosilicates, humic substances, and iron and manganese oxides and oxyhydroxides, tend to be highly conductive, because of their small size, relatively high surface area per unit volume, and charge characteristics (Langmuir, 1997) . Thus, in formations where fine-grained materials occur and dissolved solids concentrations are low, variations in electrical conductivity are primarily a function of the vertical and lateral distribution of clay-bearing units. In such settings, EC logging is an excellent means of delineating stratigraphic controls on groundwater flow and transport.
Direct-Push EC Logging
Direct-push EC logging is an extremely versatile method for obtaining information about vertical and lateral variations in electrical conductivity (Christy et al., 1994; Butler et al., 1999; Schulmeister et al., 2003a) . This approach utilizes a sensor that is attached to the end of a string of small-diameter pipe and driven into the subsurface using a percussion hammer and a hydraulic slide (Fig. 1) . The sensor configuration used in this work consists of a four-electrode Wenner array with an inner-electrode spacing of 0.02 m. As the EC probe is advanced, a current is applied to the two outer electrodes and voltage is measured across the two inner electrodes. Given the applied current and the measured voltage, electrical conductivity is calculated to produce a real-time log of electrical conductivity versus depth. Data are collected every FIG. 1.-A schematic of the direct-push electrical conductivity logging approach used in this study (after Geoprobe Systems, 1998) . 0.015 m as the probe is advanced and a potentiometer mounted on the mast of the direct-push unit tracks the depth and speed of that advance. The vertical resolution of the sensor (0.015 m), coupled with its small depth of investigation (5 to 10 cm; Beck et al., 2000) , enables hydrostratigraphic features to be recognized at a level of detail formerly possible only with continuous cores (McCall, 1996; Schulmeister et al., 2003a) . Moreover, because the probe is in direct contact with the formation and no drilling fluids are used, the approach is not subject to the bias produced by irregular borehole diameters and drilling fluids, as is the case for most wellbore-geophysical methods. Logs can be completed relatively rapidly (e.g., 45 minutes for a 22 meter log; Butler et al., 1999; Kram et al., 2000) and there are few limitations on placement location. Thus, numerous logs can be obtained at a lateral spacing that is rarely feasible using other approaches in a time-and costefficient manner. The enhanced understanding of site hydrostratigraphy that can result is demonstrated in this paper.
STUDY AREA
The Geohydrologic Experimental and Monitoring Site
The work described in this paper was conducted at a Kansas Geological Survey (KGS) research site where hydrostratigraphic features are known to exert a significant influence on groundwater flow and solute transport (e.g., Butler et al., 1998; Butler et al., 2002; Bohling, 1999; Davis et al., 2002; Schulmeister et al., 2003b) . The Geohydrologic Experimental and Monitoring Site (GEMS) is located along the northern margin of the Kansas River valley (Fig. 2 ) on approximately 22 m of late Pleistocene and Holocene sediments that overlie Pennsylvanian bedrock (Johnson and Martin, 1987; Kettle and Whittemore, 1991) and form the Newman terrace. The unconsolidated sequence consists of fluvial deposits, which can be divided into two major units. The lower 11 m of the sequence (henceforth, Unit 1) consists of fining-upward deposits of pebbles and fine sand with local discontinuous lenses of finer-grained material. The upper 11 m of the sequence (henceforth, Unit 2) consists of predominantly silt and clay with interlayered or discontinuous lenses of fine to medium sand. The distinct boundary between Unit 1 and Unit 2 represents a transition from braided-stream to meandering-stream depositional processes associated with a late Wisconsinan-early Holocene climatic change, and is observed in alluvial fills throughout the United States (Sharp, 1988) . The margin of the modern floodplain near GEMS is marked on the land surface by an escarpment that rises to an older Pleistocene terrace, and, in the subsurface, by an abrupt rise in the Pennsylvanian bedrock (O'Connor, 1960) . For the last decade, GEMS has been the site of extensive research on groundwater flow and solute transport in heterogeneous formations. A number of studies have found significant spatial variation in the hydraulic properties and groundwater chemistry of the alluvium. For example, hydraulic testing in Unit 1 has revealed variations in hydraulic conductivity of over two orders of magnitude (Sellwood, 2001; Butler et al., 2002; Davis et al., 2002) , whereas chemical profiles have provided strong evidence for chemical evolution of groundwater along lateral flow paths separated by fine-grained sedimentary layers (Schulmeister, 2000; Schulmeister et al., 2003b) . The considerable degree of lateral and vertical variability demonstrated in this previous work suggests that the heterogeneity of the alluvium plays an important role in controlling flow and transport in the vicinity of GEMS.
Recently, a component of the work at GEMS has been directed at assessing the value of the information that is obtained from direct-push EC logging. An initial EC log placed at the center of the site (henceforth, test EC log) was in good agreement with previous geologic interpretations based on core materials from the same location (Fig. 3 ). Continuous cores were obtained adjacent to EC logs at two locations. Very thin (< 2.5 cm) clay-rich layers in the cores coincided with spikes in electrical conductivity in the adjacent EC logs (Fig. 4) . A strong correlation (correlation coefficient of 0.72) was found between the magnitude of the direct-push EC value and clay content in 50 sampled layers from these cores, demonstrating that EC logs can be used as semiquantitative indicators of clay content (Schulmeister et al., 2003a) . The occurrence of prominent EC spikes and thin clay layers at similar depths in the two cores (e.g., 3 m and 6 m depths in Figure 4 ) suggests that EC logs can be used to assess the lateral continuity of sedimentary units. In addition, a slightly higher overall clay content in Core 1 and correspondingly higher EC values in the adjacent log suggest that EC logs can also be used for identifying lateral facies variations. Although the ability of EC logging to resolve vertical contrasts in sedimentary sequences has been demonstrated in previous work (e.g., Butler et al., 1999; Schulmeister et al., 2003a) , the use of this approach for resolving lateral variations has not been fully assessed. A demonstration of the utility of the approach for evaluating lateral variations in sedimentary sequences is a primary focus of this paper.
METHODS OF INVESTIGATION
Paleosol Identification
Buried soils (paleosols) mark periods of landscape stability in sedimentary sequences and are extremely useful for bracketing units in which facies changes occur (e.g., Weissmann and Fogg, 1999) . Buried soils within alluvial Holocene fills of the Kansas River valley are extensively documented (Holien, 1982; Logan, 1985; Johnson and Martin, 1987; Mandel, 1987) and have been used as major stratigraphic markers for correlations (Johnson and Logan, 1990) . Five prominent paleosols have been identified in outcrops of sediments beneath the Newman terrace throughout the eastern part of the Kansas River valley and are likely to occur in the vicinity of GEMS. Because the materials that typically make up paleosols are electrically conductive, these layers should be recognizable in EC logs and therefore could be useful as marker beds for correlations based on those logs.
Weathering and composition changes that occur during soil formation result in the accumulation of organic materials and formation of clay minerals. Compositional features (such as organic materials) and macroscopic structural and color characteristics observed in the cores were used here as indicators of possible paleosols (U.S.D.A. nomenclature (Schoeneberger et al., 1998) rich A horizon materials (Brady, 1984) and thus can provide supporting evidence of soil development. Carbon and nitrogen abundances were determined on 72 samples from both cores using dry combustion methods (U.S. Department of Agriculture, 1996) and an Elementar Vario Carbon-Nitrogen-Sulfur Analyzer at the National Soil Science Center Laboratory of the Natural Resource Conservation Services.
Direct-Push EC Logging
Direct-push EC logs were obtained at fifteen locations along two approximately perpendicular transects at GEMS (Fig. 2) . Seven logs (NS labels) were collected along a 275 m transect (A-A') that is oriented roughly parallel to the floodplain margin, and nine logs (WE labels) were obtained along a 350 m transect (B-B') that is oriented roughly perpendicular to the margin. One log (00) was obtained at the intersection of the two transects.
EM Survey
An electromagnetic induction (EM) survey was used to support interpretations made from the EC logs. Although an EM survey does not allow the depths and thicknesses of individual layers to be determined, it does enable a relatively continuous record of lateral variations in depth-averaged electrical conductivity to be obtained. The EM meter is noninvasive and requires only one person to operate, making it a versatile tool for rapid evaluation of areas between EC logs to assess if additional logs are needed. An EM survey was conducted at GEMS using a Geonics EM31 meter (frequency 9,810 Hz) operating in a stationto-station mode. A total of 164 survey points were established in an irregularly shaped grid (interval 15.2 m) that encompassed most of the EC transect area (Fig. 2) . Measurements in both the horizontal-and vertical-dipole orientations were obtained at each grid point. Measurements were taken with the meter held at hip height (about 1 meter above the surface) in both orientations. At hip height, the depth of penetration is about 2 m and 5 m in the horizontal-and vertical-dipole orientations, respectively (McNeill, 1980) . The lateral resolution of the EM31 is approximately equal to the intercoil spacing (about 3.7 m).
RESULTS AND DISCUSSION
Identification of Paleosols
The presence of fine blocky structure in clay layers and charcoal and wood fragments suggests that at least two paleosols exist in the study area (Fig. 5) . Elevated concentrations of carbon FIG. 4.-Comparisons of particle size and electrical conductivity in continuous cores and adjacent EC logs, respectively (after Schulmeister et al., 2003a) . Core and adjacent EC log separated by less than 1 m; distance between two core locations is about 50 m (Fig. 2) . Blackened layers represent intervals for which particle-size analyses were not conducted. Position of water table is indicated by inverted triangles.
and nitrogen coincide with some of these features and are consistent with a paleosol interpretation. Most of the organic material and the highest carbon and nitrogen levels are in a clay-rich interval near the bottom of both cores (depths of 10-12.5 m; Figure  5 ). The thickness of this interval and the abundance of organic material suggest that it is a well-developed paleosol. Thick paleosols have been documented at approximately this same elevation elsewhere in the Kansas River basin (Johnson and Martin, 1987) . Less developed soil morphologic features and slightly elevated levels of carbon and nitrogen occur at depths between 4 and 6 m ( Fig. 5) , suggesting the presence of a weakly developed paleosol in this interval. Weakly developed, but laterally continuous, paleosols have also been documented elsewhere on the floodplain at several depths within this portion of the sequence (Johnson and Martin, 1987; Johnson and Logan, 1990) . Both paleosol intervals are coincident with high EC values, which allows these horizons to serve as marker beds for lateral correlation using EC log signatures, as illustrated in the following section.
EC Logs-Lateral Correlations and Facies Changes
Data from the two EC transects were used to construct cross sections to assess lateral continuity and facies changes in the vicinity of the floodplain margin. Cross sections were prepared in two formats: (1) as stratigraphic cross sections (Figs. 6A, 7A ) based on the visual interpretation of the EC logs by a sedimentologist; and (2) as machine-contoured cross sections (Figs. 6B, 7B) created with the Surfer software package (Golden Software, 1997). Although little significance should be attached to the details of the interpolation between EC logs in the machinecontoured cross sections, these cross sections do provide useful visualizations of relative variations in the clay content of the alluvium.
The recognition and correlation of paleosols on EC logs in both transects, as well as of patterns in EC logs in the strata above and below the paleosols, allowed a more detailed stratigraphic framework to be defined than had previously been possible at GEMS. This stratigraphic framework, along with the lateral patterns within its major units, is discussed below.
The two paleosols are recognizable in most of the EC logs. In transect A-A' (Fig. 6) , the two paleosols are present in all logs except NS6 and are laterally traceable at relatively constant elevations. In transect B-B' (Fig. 7) , the paleosol layers appear to be present in most logs but are less prominent at the northeast end of the transect (WE7-WE8). As traced from the southwest, the base of the lower paleosol decreases in elevation from WE3 to WE5 before increasing towards the floodplain margin. The lower paleosol appears to be significantly thicker between WE3 and WE5 than elsewhere in the transect. The elevation of the upper paleosol is relatively constant from WE1 to WE5, before also increasing towards the floodplain margin. Little change in thickness is observed in the upper paleosol.
As stated previously, the unconsolidated sequence at GEMS can be subdivided into two major units. Unit 1, which comprises the floodplain aquifer, is characterized by relatively low EC values with thin, discontinuous zones of high EC, suggesting deposits that consist of sand and gravel with discontinuous clay lenses. This is consistent with the test EC log and accompanying core information (Figs. 3, 4) , and previous work (e.g., Butler et al., 1998; Butler et al., 2002) . Changes in the thickness of Unit 1 are primarily associated with changes in the elevation of the bedrock surface. In transect A-A', the bedrock surface increases in elevation in the northwesternmost logs (00, NS2, and NS1). This rise in bedrock elevation and the fining of sediments in Unit 1 in its vicinity suggest that log NS1 is closer to the margin of the floodplain than the other logs in that transect. In transect B-B', the presence of the floodplain margin is more strongly indicated. The elevation of the bedrock surface increases significantly between logs WE5 and WE6, and continues to rise gradually to the northeast. This rise in the bedrock surface is accompanied by the fining of sediments in Unit 1. Unit 2 can be divided into two subunits (2a and 2b). Unit 2a is characterized by mostly intermediate EC values with thin, discontinuous zones of both high and low EC. The thin peaks and troughs in the EC logs suggest that there are discontinuous clay and sand intervals, respectively, in Unit 2a. This is consistent with the test EC log and accompanying core, which indicate that the unit consists primarily of silt and clay, with some thin sand layers. Although lateral variations within Unit 2a in transect A-A' are not pronounced, the EC data suggest that sediments in Unit 2a are slightly coarser towards the northwest and that minor clay intervals are more common to the southeast. Unit 2a does not appear to be traceable to NS6, an issue that is discussed further in the following section. Transect B-B' indicates that the unit coarsens significantly in the direction of the floodplain margin, with minor discontinuous clay intervals more common at the southwest end of the transect. sition indicated by the test EC log and accompanying core. Both transects indicate that there are up to three clay-rich intervals in Unit 2b. In transect A-A', the three intervals are traceable from northwest to southeast from NS1 to NS4, with the highest clay content observed in the areas of NS2, 00, and NS3. In transect B-B', the lower clay-rich interval is traceable to WE6, the middle interval to WE5, and the upper interval across the entire transect. The EC logs indicate that the highest clay concentrations occur in the southwestern and middle portions of transect B-B' and that the materials become coarser towards the northeast.
EC Logs-Interpretations
The occurrence of thin, discontinuous clay lenses at several depths in Unit 1 is consistent with previous interpretations of stratified sediments in the aquifer (Jiang, 1991) . The finer-grained materials in Unit 1 are generally located near the floodplain margins in both transects, implying a colluvial origin for this material (slumping and sloughing of debris from the nearby terrace or valley wall).
The nature of the paleosols and facies in Unit 2 appears to be related to the distance from the floodplain margin. The relative continuity and constant elevations and thicknesses of the paleosols and individual layers (particularly in Unit 2b) away from the margin suggests that relatively uniform depositional processes occurred in that area. In contrast, changes in geometry and facies appear much more significant as the floodplain margin consistent with current geomorphic interpretations of this setting. Modern terrace-slope deposits in many river valleys consist of different materials than are found elsewhere on the floodplain (Bowman, 1986) . These poorly sorted, coarse-grained colluvial sediments originate as slope wash and soil creep on terrace slopes or as alluvial-fan deposits from ephemeral streams that enter larger river valleys (Kehew and Boettger, 1986) . Mass-movement deposits, such as earthflow debris and landslide materials, are commonly intermixed with valley-margin colluvium elsewhere along the margins of the Kansas River valley (Bowman, 1986; Sorenson et al., 1987) , and the Holocene alluvial-fan deposits of small tributaries have been documented on the floodplain (Mandel, 1998 (Mandel, , 1999 Douglas County N.R.C.S. Field Office, personal communication, 2001 ). Thus, one would expect a coarsening of sediments in Units 2a and 2b near the margin of the Kansas River floodplain, especially in the vicinity of a tributary stream. The distinct transition in character between logs NS4 and NS6 (apparent truncation of paleosols and significant coarsening of Unit 2a) suggests that the sediments in this area may have originated from different depositional processes. Log NS6 is located close to the course of the modern Mud Creek tributary channel (Fig. 2) , so one possible explanation is that the sediments in the vicinity of this log represent more recent fluvial activity in the Mud Creek tributary and the dissection of the older sediments encountered at locations NS1-NS4. Alternatively, these sediments may represent older channel deposits emplaced during formation of the Newman terrace. In any case, the EC logs identify this transition, which has important implications for groundwater flow and solute transport, and can be used to guide further data collection.
The apparent increase in elevation and the thinning of the two paleosols to the northeast on transect B-B' suggests that the paleosols reflect the rise in topography that occurs along the alluvial-fan deposits in the direction of the mouth of the tributary valley. This is not unusual for this setting, because alluvial-fan soils have been mapped previously in tributary valleys and buried alluvial-fan surfaces along the Kansas River floodplain margin (Johnson and Logan, 1990; Douglas County N.R.C.S. Field Office, personal communication, 2001) . Paleosols are often absent from, or thinner in, the tributary valleys, presumably because of the valleys' smaller sediment-storage capacities and propensity for frequent sediment flushing. The apparent thinning of the paleosols in the vicinity of the transition from the floodplain to the floodplain margin may be a reflection of these mechanisms. The persistence of the paleosols across this portion of the study area suggests that downcutting and aggradation near the mouth of the tributary were interrupted by periods of stability and soil development, which has important implications for paleoclimate studies.
EM survey
EM survey data are presented for both the horizontal-dipole (Fig. 8A ) and vertical-dipole (Fig. 8B) orientations. Higher conductivities were obtained in the vertical orientation than in the shallower-sensing, horizontal orientation. This was expected because of the higher moisture contents below the water table, and the sequence of fine-grained sediments between depths of 2 and 5 m (e.g., Figure 4) .
In general, the EM data are in good agreement with the EC logs. The EC-based interpretation of sediments coarsening near the floodplain margin and the Mud Creek tributary is supported by conductivity patterns shown in the EM surveys. Although the EM survey does not extend to the southwest end of transect B-B', higher depth-averaged conductivity in the southwesternmost EM survey points suggests a fining of materials in the southwest direction, and is in agreement with similar interpretations made from the EC logs. In addition to supporting interpretations made using the EC logs, the EM survey provides information about conditions in areas not sampled by the logs. The lower EM values FIG. 8.-EM survey data collected in horizontal-and vertical-dipole configurations (after Doolittle, 2001 ). Horizontal-dipole and vertical-dipole orientations represent 2 m and 5 m depth-weighted averages, respectively. The high-conductivity data peak in the north-central part of the vertical survey is believed to indicate an underground gas line, and was ignored in interpretations based on these data.
along the eastern boundary of the survey area are consistent with the presence of colluvial sediments along the margin of the terrace, or they could indicate recent stream cutting activity along the Mud Creek tributary. In addition, a zone of relatively highconductivity material is revealed in both EM orientations between EC logs NS3 and NS4. This zone appears to indicate the presence of a previously unrecognized feature, and it demonstrates the potential of surface geophysical surveys to identify locations where additional EC logs are needed. Clearly, the overall agreement between the two methods shows the advantage of combining EC logging and surface geophysical methods when detailed three-dimensional evaluations of subsurface stratigraphy are required.
Implications for Groundwater Flow and Solute Transport
Floodplain aquifers are generally thought to receive recharge by seepage through river channels, infiltration of precipitation through overlying sediments, leakage from adjacent bedrock aquifers, and infiltration of terrace runoff along floodplain margins (Sharp, 1988) . In many mid-continent floodplain aquifers in the United States, fine-grained sediments overlie the sands and gravels of the aquifer and greatly restrict the amount of recharge due to infiltrating precipitation (Fisk, 1944; Sharp, 1988) . In this situation, other sources can potentially make up a significant component of the aquifer recharge.
The results of the EC logging and EM survey provide some insight into the relative importance of terrace-runoff infiltration as a recharge mechanism. Terrace runoff can bring significant volumes of water to the margins of floodplains (Burt and Haycock, 1996) . In the presence of the fine-grained sediments that cap the unconsolidated sequence in the interior of the floodplain, relatively little of this water would actually recharge the aquifer. However, the EC transects and EM survey data show clearly that the clay content of Unit 2b decreases in the vicinity of the margin of the floodplain near GEMS (Figs. 7, 8 ). This apparent truncation or interfingering of clay-rich horizons near the margin has important implications for recharge. One would expect that the decreasing clay content in the near-surface sediments would result in greater recharge into the underlying aquifer. Although we are unaware of previous studies that have examined the importance of floodplain-margin recharge, other authors have observed that heads near floodplain margins bounded by terraces tend to be slightly elevated with respect to those in the floodplain interior and have invoked infiltration of terrace runoff as an explanation for that head difference (Sharp, 1988) . Head data from wells completed in the upper 11 m of the unconsolidated sequence at GEMS indicate that higher water levels exist near the floodplain margin and that the flow direction is roughly perpendicular to the margin (Schulmeister, 2000) . Data on groundwater chemistry also provide insight into the relative importance of recharge along the floodplain margin. Significant variations in groundwater chemistry across the transition from the floodplain to the floodplain margin have been observed at GEMS. For example, concentrations of total dissolved solids in groundwater collected from the near-margin regions were less than half the concentrations measured in the more interior parts of the floodplain (Schulmeister et al., 2003b) . Enhanced recharge along the margins is the most plausible explanation for these differences in head and concentration. Such gradients in hydraulic and geochemical conditions have important implications for the movement and fate of contaminants that may enter floodplain aquifers via recharge along the margins.
The stratification observed on the EC transects suggests that groundwater at GEMS should primarily flow in a series of laterally continuous zones of relatively high permeability (e.g., Pryor, 1973; Sharp, 1988) . The movement of solutes at different velocities and the different rates of reactions in such zones can often lead to chemical stratification (e.g., Hoyle, 1989) . Previously reported vertical variations in hydraulic head and NO 3 at GEMS (Schulmeister, 2000) and trends in total dissolved solids (Schulmeister et al., 2003b) support an interpretation of flow along the laterally continuous units inferred by the EC transects. Patterns in groundwater chemistry could easily be misinterpreted if sedimentary controls such as those identified in the EC transects are not recognized.
CONCLUSIONS
This work demonstrates that direct-push EC logging is a powerful tool for the delineation of fine-scale stratigraphic features in saturated unconsolidated sequences with clay-bearing units and groundwater of a relatively uniform salinity. The detailed view of vertical and lateral variations in site stratigraphy that can result from this approach would be extremely difficult to obtain with conventional drilling-and geophysics-based methods. A series of direct-push EC logs can be completed rapidly at a lateral spacing that is rarely feasible using other approaches. Such logs can yield a greatly enhanced understanding of sitespecific stratigraphic controls on groundwater flow and solute transport. In addition, these logs can provide valuable information for stratigraphic studies, particularly those for which an understanding of the relative timing and spatial extent of depositional events is important.
The utility of direct-push EC logging was demonstrated here through an investigation of stratigraphic relationships in the vicinity of a floodplain margin. In this investigation, EC logs were obtained along two transects, perpendicular and parallel, respectively, to the floodplain margin. The correlation of paleosols and patterns of EC logs in strata above and below those paleosols allowed a more detailed stratigraphic framework to be defined for the unconsolidated sequence than had previously been possible. This framework consists of a basal sand and gravel unit with discontinuous clay lenses, a middle unit consisting primarily of silt and clay with discontinuous clay-and sand-rich intervals, and an upper unit consisting almost entirely of clay and silt. The EC traverses indicate an increase in clay in the basal unit and a coarsening of sediments in the upper two units as the floodplain margin is approached. These lateral changes in sediment type are attributed to colluvial, mass-movement, and alluvial-fan processes that are common at the bases of terraces along floodplain margins. The change from fine-grained sediments to coarse-grained sediments in the upper two units at the margin of the floodplain has significant implications for groundwater recharge and solute movement. Because colluvial, mass-movement, and alluvial-fan deposits similar to those found in the Kansas River floodplain have also been documented near the bases of terrace slopes on other floodplains in the Mississippi River valley, the findings and methodologies used in this study may be relevant for a large class of floodplain aquifers in the United States and elsewhere. Despite the extremely high resolution of the information that can be obtained in the vertical direction, interpretations made from traverses of direct-push EC logs will always be accompanied by uncertainty regarding conditions between individual logs. As shown in this study, the combination of direct-push EC logging and surface geophysics can help reduce that uncertainty. The EM survey method used in this study enables lateral patterns in depth-averaged conductivity to be rapidly identified. EM results were used here to support interpretations developed from the EC traverses and identify areas where additional EC logs would be helpful. Other surface-geophysical methods, such as shallow seismic reflection, ground-penetrating radar, and electrical resistivity ground imaging (Baines et. al., 2002) , can provide much greater detail than this depth-averaged EM approach. When such methods are used in conjunction with direct-push EC logs, the uncertainty in the subsurface characterization should be significantly less than would be possible with any single method. Clearly, the combination of direct-push EC logging and surface geophysics represents an important new approach for the threedimensional characterization of the stratigraphic framework of unconsolidated sequences.
This study reiterates the importance of a detailed description of site stratigraphy for investigations of groundwater flow and transport. However, a complete hydrostratigraphic characterization of a sedimentary sequence requires that information from the EC logs be supplemented by high-resolution data on the chemical and hydraulic properties of the sequence. Recently, direct-push-based methods have been developed for obtaining high-resolution records of hydraulic conductivity and pore-fluid geochemistry (Schulmeister et al., 2003a ) in a single direct-push probehole. These approaches can be combined by using EC logging to construct a stratigraphic framework for a site, after which the hydraulic and geochemical methods can be used for investigations of zones of particular interest. This integration of high-resolution methods should allow significant new insights to be developed into site hydrostratigraphy. Such insights could be extremely important for guiding and constraining future modeling investigations and for refining hydrostratigraphic concepts.
